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Cryptochromes are important components of
circadian clocks in both plants and animals. Recent
work suggests that the carboxy-terminal tails of
these conserved proteins are used in drastically
different ways in different organisms.
Circadian clocks are endogenous time-keeping
devices that regulate daily changes in many aspects
of physiology and behavior. Organisms ranging from
bacteria to humans have clocks and many general
properties of their function are conserved. The core
molecular mechanisms of circadian oscillators are
composed of negative feedback loops of transcription
and translation, although the components of these
loops vary among different organisms, as do many
mechanistic details [1]. Interestingly, the
cryptochrome (CRY) proteins have important roles in
the circadian systems of both plants and animals,
although the parts they play differ (reviewed in [2,3]).
Recent evidence from Drosophila [4,5], compared to
earlier results from plants and vertebrates, suggests
that, not only do the roles of CRY proteins in the clock
vary, but their various modular domains can
contribute in very different ways to their function.
The CRY proteins were originally identified in plants
as blue-light photoreceptors, and it is now known that
they are involved in light signaling to the circadian
clock (reviewed in [2,3]). In animals, CRYs are also
involved in circadian clocks, but their roles vary
among different organisms. A single CRY is present in
Drosophila where, in the brain, it acts as a blue-light
photoreceptor that contributes to photic entrainment
of the circadian clocks that control behavior [6]. CRY
may, however, play a different, light-independent role
in the so-called ‘peripheral’ clocks, such as those in
the fly antennae [7].
Whether the two mammalian CRYs, CRY1 and
CRY2, have a photoreceptive role has been contro-
versial. Although CRYs have been implicated in some
light-responsive pathways [3], a clear biochemical
photoresponse has not yet been demonstrated. Mice
deficient in the two CRY proteins are completely
arrhythmic, indicating that these proteins are critical
components of the central mammalian circadian clock
mechanism [8,9]. Biochemical analyses of their func-
tion have revealed that these proteins act as tran-
scriptional repressors which provide the ‘negative
feedback’ in the clock feedback loop [10,11]. This
function does not appear to be light dependent.
CRY proteins are closely related to a family of DNA
photolyases involved in the repair of pyrimidine dimers
in UV-damaged DNA. CRYs have two domains, a core
region with high similarity to the photolyases, and
carboxy-terminal ‘tails’ that vary considerably in
length and sequence composition both between the
CRYs and the photolyases and between individual
CRYs (Figure 1). The core region contains conserved
binding sites for two cofactors: a flavin and the pterin
methenyltetrahydrofolate (MTHF). In the photolyases,
the pterin acts as the light-harvesting chromophore
and transfers the excitation energy to the flavin (the
catalytic chromophore) through a series of redox
reactions, which then transfers an electron to repair
the DNA (reviewed in [2]).
The photoreceptive CRYs in plants and Drosophila
are thought to work in a similar manner to the
photolyases, using the bound chromophore to absorb
photons and transduce the signal via electron
movement, except rather than repair DNA, this is
thought to result in conformational changes that affect
protein–protein interactions (see below). Indeed,
mutation of a putative flavin-binding residue in the
Drosophila mutant cryb renders the protein light-
insensitive [6]. The roles of the flavin and pterin
cofactors in the transcriptional repressive function of
the vertebrate CRYs are not well understood, and
mutation of a putative flavin-binding residue —
analogous to the cryb mutation — completely disrupts
CRYs’ ability to repress transcription in Xenopus [12],
while having no effect on the very similar CRYs from
mice [13].
Despite the sequence similarity between the CRYs,
the cryptochrome genes in plants and animals do not
appear to be orthologs, and it is likely that these genes
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Figure 1. Cryptochromes are closely related to photolyase.
Cryptochromes from all organisms contain a ‘core’ domain
(green) with high sequence similarity to DNA photolyases. This
core domain contains binding sites for two cofactors, a flavin
(FADH, blue) and a pterin (MTHF, red). Most residues known to
have critical roles in photolyase function are also conserved in
cryptochromes. Unlike photolyases, cryptochromes contain
carboxy-terminal ‘tails’ of varying length and sequence
composition (yellow). Arabidopsis and Drosophila CRYs, like
photolyases, are blue-light photoreceptors, while direct evidence
for photoreceptor function in vertebrate CRYs is still lacking. All
CRYs have been implicated in some aspect of circadian function
as described in the text. 
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evolved several times from photolyase, an example of
‘repeated evolution’ [2]. The animal CRYs, for example,
are more similar to Arabidopsis photolyases than they
are to the Arabidopsis CRYs [2]. Vertebrate and inver-
tebrate CRYs probably also evolved independently, as
the vertebrate CRYs are more similar to Xenopus pho-
tolyase — mammals do not have photolyases — than
they are to Drosophila CRY. It thus appears that the
circadian clock has repeatedly made use of CRYs,
evolved at different times, in several different capaci-
ties. The new results from Drosophila [4,5] indicate
that, not only are CRYs being used in different roles in
different organisms, but the ways in which the proteins
work, with regard to their carboxy-terminal tails at
least, are also distinct.
In Drosophila, when CRY is activated by light it
interacts with the central clock proteins Timeless (TIM)
and Period (PER) [14,15] leading to their degradation,
which is thought to reset the clock. Two independent
groups [4,5] have recently expanded upon an earlier
report that a mutant form of Drosophila CRY lacking
the carboxy-terminal tail interacts in a constitutive,
light-independent manner with PER in yeast [15]. The
new data [4,5] show that overexpression of the
truncated CRY in Drosophila results in several effects
that mimic constant light exposure, including behav-
ioral rhythms with periods longer than 24 hours,
altered TIM and PER kinetics and intracellular local-
ization, and changes in CRY stability. 
These results indicate that the core (photolyase-like)
domain of Drosophila CRY is capable of carrying out
its light-detection and phototransducing functions and
that the carboxy-terminal tail must play a regulatory
role, normally preventing CRY from  being active in the
dark. Light activation of CRY — presumably through
the attached chromophores — may result in electron
movement that induces a conformational change in the
protein that displaces the inhibitory carboxy-terminal
domain, resulting in phototransduction and eventually
degradation of TIM, PER and CRY (Figure 2B).
This role for the carboxy-terminal tail of Drosophila
CRY is interesting, particularly in contrast to the roles
ascribed to the carboxy-terminal domains of plant and
vertebrate CRYs. In Arabidopsis, the carboxy-terminal
tail is responsible for transducing the light signal
detected by the core domain, by direct interaction and
inhibition of its effector protein COP1 upon light
activation [16]. Overexpression of the carboxy-
terminal tail alone, without the core domain, results in
constitutive activity and constant light-like phenotypes
[17]. So in Arabidopsis, the core domain acts as a
regulator of the carboxy-terminal domain, inhibiting its
activity in the dark and/or promoting its activity in the
light (Figure 2A).
In vertebrates, the CRY carboxy-terminal tail has
yet another role, which has so far been examined
closely only in the case of Xenopus CRYs, though it is
likely that mammalian CRYs work in a similar manner.
In these animals, the role of the carboxyl terminus is
to transport the CRY protein into the nucleus,
required for its transcriptional repressor function.
CRY molecules lacking the carboxy-terminal tail are
localized in the cytoplasm and do not repress tran-
scription [18]. But addition of a heterologous nuclear
localization signal to the truncated CRY completely
restores both repression ability and nuclear localiza-
tion, indicating that the core photolyase-like domain
is sufficient for repressive activity as long as the
protein can get into the nucleus (Figure 2C). It is not
known whether this nuclear localization role of the
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Figure 2. Three roles proposed for
carboxy-terminal tails of cryptochromes.
Although the general structure of CRYs
from plants, invertebrates and verte-
brates is similar, the functions of their
core and tail domains are quite different.
(A) In Arabidopsis, the carboxy-terminal
domain is the signaling domain, and is
inactive in the dark (left). Light activation
of the core domain (right), results in acti-
vation of the carboxy-terminal tail — pre-
sumably through a conformational
change — and the tail now inhibits the
activity of bound COP1 protein, initiating
the downstream phototransduction
pathway. (B) In Drosophila, the core
domain is inhibited by the carboxy-termi-
nal tail in the dark (left). Upon light expo-
sure, the repressive effect of the tail is
relieved, allowing the core domain to
interact with PER and/or TIM molecules,
which triggers degradation of these pro-
teins and resets the clock. (C) In verte-
brates, the tail is necessary for nuclear
localization of CRY, thereby regulating
the core domain's ability to repress tran-
scription. This activity does not appear
to be light sensitive. Experimental
removal of the tail results in a cytoplas-
mic localization and loss of repressive
function as described in the text.
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carboxyl terminus is regulated, but it does not appear
to be light-dependent.
Why have CRYs evolved independently from
photolyases several times and each time apparently
been co-opted into an important, yet different, role in
the circadian system? And why have these conserved
structures been used to carry out the given function in
so many different ways? One possibility is that circa-
dian clocks have been intimately linked to photolyases
from their earliest beginnings. It has been proposed
that clocks may have evolved originally to sequester
processes that are particularly sensitive to UV-light
damage to the dark phase of the daily cycle, so these
ancient clocks may have had a close relationship with
an enzyme such as photolyase that repairs UV-
induced DNA damage [19,20]. As clocks evolved to
take on more diverse roles in the regulation of
physiology and behavior, these photolyases may have
evolved to yield different functional versions of
cryptochrome. Moreover, the highly variable carboxy-
terminal tails, once thought likely to be ‘dispensible’
because of their non-conserved nature, may in fact be
testament to the creative ways in which nature can
exploit a protein for many diverse functions. 
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